State-of-the-art optical remote sensing of vegetation canopies is reviewed here to stimulate support from laboratory and field plant research. This overview of recent satellite spectral sensors and the methods used to retrieve remotely quantitative biophysical and biochemical characteristics of vegetation canopies shows that there have been substantial advances in optical remote sensing over the past few decades. Nevertheless, adaptation and transfer of currently available fluorometric methods aboard air-and space-borne platforms can help to eliminate errors and uncertainties in recent remote sensing data interpretation. With this perspective, red and blue-green fluorescence emission as measured in the laboratory and field is reviewed. Remotely sensed plant fluorescence signals have the potential to facilitate a better understanding of vegetation photosynthetic dynamics and primary production on a large scale. The review summarizes several scientific challenges that still need to be resolved to achieve operational fluorescence based remote sensing approaches.
Introduction
Monitoring of vegetation on a global scale is essential for understanding dynamic biosphere processes. These are, to a large extent, formed by global photosynthetic energy transformation, which includes carbon dioxide assimilation and oxygen release by vegetation, and plays a role in maintaining the water balance (Bonan, 1995; Liu et al., 1997; Coops and Waring, 2001a; Veroustraete et al., 2002; Falloon et al., 2007) . Several airborne or space-borne multispectral or hyperspectral sensors are currently able to measure the electromagnetic radiation reflected or emitted from vegetation. The acquired data are used to deduce the large-scale spatio-temporal distribution of vegetation and estimate its biochemical (e.g. content of chlorophyll or water) and biophysical (e.g. leaf area index or foliage clumping) properties (reviewed in Walter-Shea et al., 1991; Curran et al., 2001) . These parameters can serve as indicators of vegetation stress (reviewed in Jago et al., 1999) or as markers of dominant plant species (Martin et al., 1998) .
Remotely sensed vegetation properties are essential for ecological modelling of carbon and nutrient cycles, and estimating vegetation production on regional and global scales (Asner, 1998; Lucas and Curran, 1999; Lucas et al., 2000) . Several photosynthetic (Xiao et al., 2005) , biogeochemical (Ruimy et al., 1996) , and production (Potter et al., 1993; Running et al., 2004 ) models of vegetation have been parameterized by remote-sensing products; however, significant discrepancies were found between model predictions and ground-based measurements (Running et al., 1999; Drolet et al., 2005; Martel et al., 2005; Turner et al., 2006; Friend et al., 2007) . Development of more accurate remote sensing methods, supported by laboratory and field measurements of plant reflectance and fluorescence, could minimize these discrepancies (Grace et al., 2007) .
Photons of the visible wavelengths (VIS, 0.4-0.7 lm) are strongly absorbed by foliar pigments. This energy is used for photosynthesis, dissipated as heat (mainly under a high photosynthetically active irradiation), or re-emitted as chlorophyll fluorescence (ChlF). ChlF emission represents only 2-3% of leaf electromagnetic reflectance in the red and near infrared spectral regions (Zarco-Tejada et al., 2003) . Various laboratory plant-physiological experiments used ChlF measurements as determinants of yields of photosynthetic electron transport and charge separation (Briantais et al., 1986; Schreiber et al., 1986; Krause and Weis, 1991; Govindjee, 1995) . Although the intensity of the fluorescence signals is low relative to reflectance, it has been shown convincingly that the vegetation solar-induced fluorescence (SIF) signal can be extracted from aerial or even satellitebased sensor data Guanter et al., 2007) . This was achieved by using sharply contrasting spectral modulations of both optical signals in and close to the Fraunhofer and oxygen absorption lines of the solar spectrum (Plascyk and Gabriel, 1975; Louis et al., 2005) . The feasibility of this method has been tested on data obtained from the AIRFLEX fluorometer, an airborne device for fluorescence experimental activities of the European Space Agency (ESA). Nevertheless, several scientific and technical challenges, related to: (i) the correct understanding of the nature of the reflectance and fluorescence of the vegetation, (ii) the operability of the radiative transfer models, (iii) the quality of the optical sensors, and (iv) advanced interpretation of the remotely sensed image data, are addressed by this review paper.
Vegetation-observing spectroradiometers
The era of satellite remote sensing of vegetation began 35 years ago, when the National Aeronautics and Space Administration (NASA) launched the Land Remote Sensing Satellite (LANDSAT)-1 carrying on board a Multi-Spectral Scanner (MSS). Since then, a series of satellite multispectral spectroradiometers with improved spatial and spectral resolution have been launched (Table  1) . A new generation of space-borne sensors offers data of several narrow spectral bands within a short re-visit time, which allows for more accurate and temporally frequent vegetation monitoring. For instance, VEGETATION (VGT) on board the Système pour l'Observation de la Terre (SPOT-4) satellite (Qi et al., 1993; Xiao et al., 2002; Boles et al., 2004) provides daily coverage of the globe at 1 km spatial resolution, the Moderate Resolution Imaging Spectroradiometer (MODIS), on board both the Aqua (Earth Observing System PM-1) and Terra (Earth Observing System AM-1) satellites (van Leeuwen et al., 1999; Price, 2003; Zhang et al., 2003) , is able to sense the same spot on Earth in one or two days at the highest spatial resolution of 250 m, and the Medium Resolution Imaging Spectrometer (MERIS) operating on the environmental satellite ENVISAT (Dawson, 2000) records the same location every third day in full-resolution of 300 m pixel size. The unique information content for mapping vegetation canopy structure is provided by multi-angular satellite images (Zhang et al., 2002; Lotsch et al., 2003; Nolin, 2004; Diner et al., 2005; Liesenberg et al., 2007) . The Multiangle Imaging Spectro-Radiometer (MISR) on board the Terra platform is a system of nine spectrometers viewing the Earth in four spectral bands (blue, green, red, and NIR) simultaneously at nine different angles. The Compact High Resolution Imaging Spectrometer (CHRIS) instrument on board the ESA satellite Project for On-board Autonomy (PROBA; Cutter, 2004; Rautiainen et al., 2008; Verrelst et al., 2008) is the first hyperspectral space-borne sensor providing 17 m spatial resolution data at five multiple viewing angles. An extensive overview of the operational hyperspectral space and airborne imaging spectroradiometers is given in Table 2 .
Reflectance-based methods to retrieve vegetation canopy properties
Currently operating air/space-borne optical sensors are recording the reflectance signal resulting from complex photon-vegetation interactions. These reflection, transmission, absorption, and emission processes arise from high canopy spatio-structural heterogeneity (clumping of foliage, leaf angle distribution, spatial distribution of plants, etc.) and also from interactions with surrounding environmental features (litter, bare soil, woody parts, and debris, etc.). Multiple scattering and photon re-absorption causes significant geometric anisotropy in canopy optical signal propagation, which must be taken into account when retrieving the quantitative properties of the vegetation from optical remote-sensing data.
Empirical retrieval methods
Robust empirical relationships between remotely sensed canopy reflectance and ground-measured biophysical and biochemical parameters of vegetation were established via simple or multiple regression (Jacquemoud et al., 1995b) , partial least square regression (Huang et al., 2004) , or by training an artificial neural network (reviewed in Dorigo et al., 2007) . Mathematical functions of two or more spectral bands are used rather than direct reflectance data to minimize the negative impact of interfering factors, such as the surrounding land cover, bare soil, or climatic/ atmospheric conditions (Baret and Guyot, 1991; McDonald et al., 1998; Huete et al., 2002) . These functions are called vegetation indices (VIs), each designed for optimal correlation with a particular vegetation feature. The capacity of vegetation indices to characterize natural canopies and agricultural crops has been demonstrated in numerous studies aimed at seasonal phenology (Rasmussen, 1998; Carter, 1998; Qi et al., 2000) , biomass prediction (Broge and Leblanc, 2001; Haboudane et al., 2004) , mapping chlorophyll content (Al-Abbas et al., 1974; Haboudane et al., 2002) , as well as stress detection (Eklundh, 1996; McVicar and Jupp, 1998) . The simplicity and straightforwardness makes the empirical methods highly efficient; however, they are often limited to a particular site and time for which the relationship was established (Baret and Guyot, 1991) .
Physical retrieval methods
Physical methods, which are based on the inverted use of radiative transfer (RT) models, are relevant alternatives to empirical approaches. These models perform a virtual transfer of photons within vegetation, taking into account Berk et al., 1998) , the topof-the-atmosphere reflectance can be produced as acquired by airborne or satellite sensors. In the inverted mode, the model input parameters are varied to yield the best match between simulated and remotely sensed vegetation reflectance. The best matching solution can be found by an iterative optimization of an RT model (Jacquemoud et al., 1995a; Bacour et al., 2002; Fang et al., 2003) , using minimization mathematical functions (Weiss et al., 2000; Combal et al., 2002) , or the application of a properly trained artificial neural network (Weiss and Baret, 1999; Fang and Liang, 2005) . The RT inversions are operationally used in retrieving biophysical features of the vegetated land surfaces from MODIS and MERIS image data (Bacour et al., 2006; Gobron et al., 2008) . Successive steps of RT-based remote sensing retrieval are depicted in the methodological diagram in Fig. 1 . Each approach, which includes mathematical expressions of physical laws, is of a universal nature. However, one has to keep in mind that there is frequently a trade-off between model universality and accuracy. Specific assumptions in deriving a physical model can limit its applicability to only certain vegetation canopy types or geometrical arrangements. Moreover, the RT models require a number of inputs, extensive computation, and long development time. An operational compromise may be offered by hybrid approaches, combining the strengths of both empirical and physical retrievals (Houborg et al., 2007) .
Quantitative estimations from remotely sensed reflectance data Vegetation chlorophyll content Gitelson et al. (2003 Gitelson et al. ( , 2006 suggested the use of empirical vegetation indices, calculated from the reflectance of three wavelengths that were highly correlated with chlorophyll (Chl), carotenoid, and anthocyanin concentrations to estimate the content of foliar pigments in single leaves. The canopy Chl estimation must resolve the phenomenon of canopy reflectance angular anisotropy and sun-sensor-canopy geometry. But, it mainly has to eliminate, or at least minimize, spectral interference from soil, litter, wood, and understorey on the ground (Yoder and Pettigrewcrosby, 1995; Datt, 1998; Zarco-Tejada et al., 2001; Blackburn, 2002) . Several algorithms based on radiative transfer principles were developed to model these cofounding factors and retrieve the vegetation chlorophyll map with use of theses simulations (Curran et al., 1990; Chappelle et al., 1992; Richardson et al., 2002; Sims and Gamon, 2002; Malenovský et al., 2006 ; see example in Fig. 2 ). Nevertheless, operational implementation of these physical methods is still technically and computationally demanding.
Fraction of absorbed photosynthetically active radiation
Directly related to the content of foliar pigments is the fraction of absorbed photosynthetically active radiation (fAPAR), defined as the ratio between the radiation effectively absorbed by vegetation for photosynthesis and the total incoming photosynthetically active radiation between 400-720 nm (Daughtry et al., 1992; Chen, 1996) . Myneni and Williams (1994) linearly related fAPAR to the normalized difference vegetation index (NDVI; Rouse et al., 1974; Tucker, 1979; Sellers et al., 1994) , computed as the difference between the NIR and red spectral bands divided by the sum of the same bands. The empirical relationship is being used to estimate fAPAR from the MODIS reflectance signal attenuated by the presence of clouds or other atmospheric effects. The standard global fAPAR MODIS product (spatial resolution of 1 km) is ordinarily derived by inversion of a canopy RT model adjusted for specific biome vegetation types (Knyazikhin et al., 1998; Myneni et al., 2002) . Regular fAPAR maps for Europe are produced via RT modelling and mathematical optimization from red and NIR SeaWiFS and MERIS satellite images (Gobron et al., 2008) by the Joint Research Centre of the European Commission (available at: http://fAPAR.jrc.it). Despite all of these development efforts, validation experiments (Fensholt et al., 2004; Weiss et al., 2007) are still reporting the overestimation of satellite fAPAR estimates, caused by residual influence of the atmosphere, sensor viewing angles, and canopy heterogeneity.
Leaf area index
Canopy assimilatory capacity can be approximated by the leaf area index (LAI), which is defined as the ratio of half of the total leaf surface in a canopy normalized by the area of canopy projected to the ground surface (Chen and Black, 1992) . Although LAI does not include estimates of foliage photosynthetic efficiency, it became a key vegetation parameter in modelling biosphere energy, carbon dioxide, and water cycles (Sellers et al., 1994; Bonan, 1995; Band et al., 1991; Liu et al., 1997; Coops and Waring, 2001b) . Two vegetation indices, NDVI and the Simple Ratio (SR) between NIR and red wavelengths (Baret and Guyot, 1991) , were proposed empirically to estimate LAI from satellite data on a global scale. Such global estimates are, however, typically reliable Remote sensing of canopy reflectance and fluorescence | 2991 only for low LAI values and tend to saturate at dense canopies (reviewed in Wang et al., 2005) . Also, in this case, physical RT-based retrieval of LAI may offer a more robust solution Bacour et al., 2006) , but still represents a challenge for RT modellers.
Plant photosynthetic activity
Plants are dynamically adapting photosynthetic activity according to actual environmental conditions without any significant changes in pigment composition or canopy structure (Rascher et al., 2000; Rascher and Nedbal, 2006; Hilker et al., 2008) . Neither Chl content nor fAPAR and LAI can reflect dynamic changes of photosynthetic activity in the monitored canopy. Gamon et al. (1990 Gamon et al. ( , 1992 suggested that light use efficiency (LUE) of individual leaves, as an indicator of photosynthetic activity, can be empirically correlated with the photochemical reflectance index (PRI¼(R 531 -R 570 )/ (R 531 +R 570 ), where R 531 and R 570 represent leaf reflectance at the subscripted wavelengths). However, PRI values vary greatly between species with the same photosynthetic capacity (Guo and Trotter, 2004) . In addition, Barton and North (2001) proved with RT modelling that PRI at canopy level is significantly affected by the geometry of solar illumination, specific leaf angle distribution, and detector viewing angles. As natural canopies are an assembly of differently oriented leaves that additionally change their orientation during development of the plants and as a response to environmental conditions, canopy measurements of PRI often failed to quantify photosynthetic efficiency (Methy, 2000) or were greatly affected by seasonal changes in canopy structure (Filella et al., 2004) . These results demonstrated the limited capability of reflectance indices and emphasized the need for alternative methods, such as, potentially, the remote sensing of dynamic chlorophyll fluorescence emissions (discussed later).
Modelling vegetation primary production
Regardless of the limitations in detecting photosynthetic activity, massive efforts were undertaken to use information from optical remote sensing for the estimation of vegetation gross primary productivity (GPP), and, subsequently, net primary productivity (NPP) and net ecosystem exchange (NEE) of CO 2 . Terrestrial biosphere models proved to be highly instrumental in reaching these goals (Gower et al., 1999; Friend et al., 2007) . GPP was proposed to be a function of LUE, NDVI, and the incident photosynthetically active radiation (IPAR; Goetz et al., 1999; Lopez et al., 2001; Hunt et al., 2002) :
where n is the number of days of the summed satellite observations, and IPAR dm is the daily mean of IPAR over the same period. The constants a and b are parameters of a linear model approximating fAPAR. Hilker et al. (2008) recently hypothesized that inaccurate parameterization of LUE, which can be obtained only by indirect means, introduces significant uncertainties in primary production estimates.
On the ground, the production of individual ecosystems is monitored by experimental eddy-covariance tower systems (Baldocchi et al., 2001) , organized in large international networks (North America: FLUXNET; Europe: CarboEurope). Running et al. (1999) developed a model to retrieve yearly NPP using MODIS image data, and explained its relation to the ground-measured NEE. Nevertheless, many studies showed significant discrepancies between the modelled satellite-driven estimates and the vegetation production eddy-covariance measurements (Ruimy et al., 1999; Drolet et al., 2005; Martel et al., 2005; Turner et al., 2006; Friend et al., 2007) , which suggests that the estimation of vegetation production parameters is still a scientifically challenging issue.
Laboratory-laid foundations of fluorescence techniques
Two major fluorophore groups that dominate the plant fluorescence emissions can potentially be remotely sensed.
The first group, which emits photons in the blue and green spectral regions under natural or artificial UV-excitation, is dominated by ferulic acid of the leaf epidermis (Morales et al., 1996) . The other short-wavelength candidate fluorophores (phenolics, NADP(H), and perhaps flavonoids) contribute less either because of lower yields, lower concentrations, or because the excitation light does not penetrate to the tissues where they are located (reviewed in Cerovic et al., 1999 Cerovic et al., , 2002 Meyer et al., 2003) . Most of the ultraviolet (UV) photons are intercepted in the leaf epidermis, so that photodamage to photosystem (PS) II reaction centres, located deeper in the leaf tissue, is limited (Rundel, 1983) . The fluorescence from the epidermis is emitted between 400 nm and 550 nm, with a maximal peak (k max ) between 440-450 nm and a shoulder at around 530 nm (Bongi et al., 1994; Lichtenthaler and Schweiger, 1998; Hideg et al., 2002) .
Chlorophyll a (Chl a) is the second fluorophore contributing largely to plant fluorescence emission. Excitation energy for this fluorescence is delivered from accessory antenna chlorophylls (Chl a and Chl b), absorbing light of blue and red wavelengths, and from carotenoids, absorbing photons of blue wavelengths. At room temperature, Chl a emits fluorescence in the red and NIR (far-red) spectral region between 650-800 nm, in two broad bands with peaks k max ;684-695 nm and k max ;730-740 nm (Lichtenthaler and Rinderle, 1988; Franck et al., 2002) . The shorter wavelength emission is attributed to Chl a mostly associated to PSII (Dekker et al., 1995) , whereas the longer wavelength emission originates from antenna chlorophyll of both PSI and PSII (Pfündel, 1998; Agati et al., 2000; Buschmann, 2007) .
Various fluorescence intensity ratios, combining the emissions at blue (F440), green (F520), red (F690), and farred (F740) wavelengths, were proposed for probing the vegetation vitality status and stress responses (Buschmann et al., 2000; Mishra and Gopal, 2008) . For instance, variation in the leaf fluorescence intensity ratio F440/ F520 was used to monitor alterations in phenolic secondary metabolites (Stober and Lichtenthaler, 1992; Richards et al., 2003) , which occur during plant growth biosynthesis via a shikimate-pathway (Herrmann, 1995) . The red ChlF emission between 684-695 nm is strongly reabsorbed by the Chl pigments in the upper layer leaf cells (Agati et al., 1993; Dau, 1994) , while the far-red ChlF between 730-740 nm is re-absorbed to a much smaller extent. Consequently, the ratio between the red and farred ChlF bands (e.g. F690/F740) decreases with increasing leaf Chl content in a curvilinear relationship, which can be used as a good inverse indicator of Chl content changes due to plant growth or stress events (Lichtenthaler and Rinderle, 1988; Buschmann, 2007) . Finally, the UVexcited blue-to-red/far-red fluorescence intensity ratios (F440/F690 and F440/F740) were proposed as indicators of the leaf physiological development (Stober et al., 1994; Meyer et al., 2003) , but also as marker of the nutrition availability and stress occurrence (Chappelle et al., 1984; Heisel et al., 1996) .
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Fluorescence measurements in the field

Active excitation of fluorescence transients
In contrast to the static or slowly changing blue-green fluorescence emission, the red and far-red emissions by Chl a are highly dynamic, being modulated by photochemical and non-photochemical quenching (see Baker, 2008 , for a recent review). These dynamic phenomena yielded important insights into the molecular processes of photosynthesis that occur within time-scales ranging from femtoseconds to minutes depending on the power of an actively applied actinic light (Dau, 1994; Govindjee, 1995; Nedbal and Koblížek, 2006; Rascher and Nedbal, 2006) .
Most widely used field observations are active, using devices exciting the photosynthetic machinery with a measuring light and recording the induced fluorescence. Introduction of the pulsed amplitude modulation (PAM) fluorometer allowed non-imaging outdoor measurements in broad daylight (Schreiber et al., 1986) . Fluorescence imaging was introduced in the laboratory by Omasa et al. (1987) and modified for field surveys in the mid-1990s by Nedbal et al. (2000) . The laser pulses of actinic light, which can be discriminated from static and panchromatic background light, are applied to elicit fluorescent transients when measuring fluorescence from a distance (Cecchi et al., 1994; Corp et al., 2006) . The footprint of such a light detection and ranging (LIDAR) laser beam can be expanded from several centimetres up to metres to cover larger observation areas or to decrease the power of the excitation source (Saito et al., 2005) . The first field laser-induced vegetation fluorescence was observed by Measures et al. (1973) (Fig. 3) . A new generation active field fluorescence instrument, developed by Raimondi et al. (2007) , was successfully employed in summer 2007 during the joint CarboEurope, FLEX, and Sentinel-2 ESA mission campaign CEFLES2 (U Rascher et al., unpublished data). These ground-based active fluorescence-sensing techniques can be used whenever temporal monitoring of fluorescence transients is required regardless of the appearance of cloud cover.
Passive solar-induced fluorescence sensing
In spite of the fact that solar-induced fluorescence (SIF) emission contributes only a small amount to total vegetation reflectance (Buschmann and Lichtenthaler, 1988; Liu et al., 2005) , it can be separated from the reflectance signal by accurate measurements inside and near to the solar Fraunhofer and atmospheric absorption lines. These lines are represented by narrow wavelength bands, in which the solar irradiance is attenuated by absorption within the Sun or Earth atmospheres (Plascyk, 1975; Plascyk and Gabriel, 1975) . Table 3 shows the major absorption lines of the solar spectrum compared to the spectral range of plant fluorescence emission, indicating their potential applicability for the monitoring of plant fluorescence. Nevertheless, only a few of these lines have so far been explored for feasibility of plant fluorescence detection. According to , blue plant fluorescence could theoretically be monitored within the F line H b (486.1 nm). The ChlF emissions (F685 and F740) can be measured in O 2 -B (687.0 nm) and O 2 -A (760.0 nm) atmospheric absorption lines Louis et al., 2005) , but it is difficult to obtain accurate fluorescence estimates due to the nature of their bandwidth and band-depth. Although an infilling principle of ChlF at the Fraunhofer C line H a (656.3 nm) called the Fraunhofer line discrimination (FLD), was already developed in the 1970s (Plascyk, 1975; Plascyk and Gabriel, 1975) , its application in sensing SIF has been delayed by a lack of suitable field-deployable instrumentation (Carter et al., 1990) . The FLD technique was later extended to the estimation of ChlF at the O 2 -B (Carter et al., 1996) 
Potential use and challenges in remotely sensed fluorescence
Several studies suggested vegetation SIF as an indicator of environmental stress. A significant increase of fluorescence intensity at Fraunhofer line H a (656.3 nm) was observed with geochemical stress in Pinus ponderosa (Watson et al., 1973) and water stress in lemon plants (McFarlane et al., 1980) . Carter et al. (1996) reported an increase of Chl fluorescence at the O 2 -B atmospheric line when palm and grape plants were poisoned by the herbicide 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU). Recently, Meroni and Colombo (2006) were able to discriminate between bean leaves, which were either treated or untreated by DCMU, by measuring SIF in the O 2 -A and O 2 -B lines. Another study conducted in a boreal stand of Scots pine revealed that the relative increase between steady-state fluorescence at the O 2 -A and O 2 -B lines was proportional to leaf Chl content (Louis et al., 2005) . This finding is in accordance with the inverse relationship applied by Lichtenthaler and Rinderle (1988) to derive leaf chlorophyll content from the ChlF intensity ratio F690/ F740. If broadly confirmed by additional experiments, this Remote sensing of canopy reflectance and fluorescence | 2995
ChlF intensity ratio might potentially be a more accurate substitute for the conventional Chl-sensitive vegetation reflectance indices.
The physiological relationship between solar-induced steady-state ChlF and dynamic photosynthetic processes could potentially be exploited to obtain more accurate estimates of vegetation intercepted photosynthetically active irradiance (i.e. fAPAR) , or even to approximate vegetation LUE. Both parameters, when remotely sensed, may result in local/global maps of vegetation GPP, and hence contribute to the spatially explicit monitoring of the CO 2 cycle. Nevertheless, to achieve these future goals one needs to be able to: (i) deconvolute the information contained in the complex steady-state ChlF signal, (ii) simulate the SIF signal scaled from single leaves to the level of heterogeneous canopies, (iii) acquire airborne or satellite fluorescence spectral image data, and (iv) overcome specific technical challenges related to the concept of air-/space-borne remote sensing (i.e. the need for an accurate atmospheric radiative transfer algorithm eliminating co-founding atmospheric influences).
Interpretation of steady-state fluorescence
Steady-state chlorophyll fluorescence (ChlFs) is emitted from a photosynthetically active plant adapted to ambient irradiance when the electron transport processes and the coupled biochemical reactions of the carbon reduction cycle establish a dynamic equilibrium. Various molecular mechanisms of this equilibrium, classified as photochemical and non-photochemical fluorescence quenching (Krause and Weis, 1991; Niyogi, 1999) , are driven by both internal (e.g. reaction centre stoichiometry or enzyme activation) and external (e.g. irradiance, temperature, humidity, CO 2 and water availability, nutrients, and various stressors) factors that modulate ChlF intensity. Therefore, ChlF can be considered as a potential indicator of the physiological status of vegetation, measured by remote-sensing techniques over long distances. Soukupová et al. (2008) studied the indicative potential of ChlF by measuring annual ChlF variation of two fieldgrown evergreen species of the temperate zone: Picea omorika and Rhododendron hybridum. The amplitudes of the diurnal variation in ChlF were found to be significantly smaller than the seasonal transitional changes. The abrupt temporal behaviour of ChlF corresponded clearly with activation and deactivation of the photosynthetic apparatus of the monitored evergreen plants at the beginning and end of the vegetation season. The seasonal winter-spring ChlF transition appeared when night frosts did not occur for three consecutive days. For healthy and well-irrigated plants, ChlF diurnal variation was reported to track morning and evening irradiance intensities (Cerovic et al., 1996; Flexas et al., 2000; Ounis et al., 2001 ). However, a pronounced ChlF decrease was observed at midday on sunny days, when irradiance intensity and temperature were high. This noon depression is attributed to complex physiological modulation, combining changes in plant stomatal conductance and CO 2 assimilation together with NPQ of chlorophyll fluorescence, which can include photoinhibition (Flexas et al., 2000; Louis et al., 2005) . Under drought stress conditions, a negative correlation was revealed between ChlF and increasing irradiance (Flexas et al., 1998 (Flexas et al., , 1999 (Flexas et al., , 2002a Dobrowski et al., 2005) . The stomata that are closed to prevent water loss are limiting the supply of CO 2 for the Calvin-Benson cycle and linear electron transport, which directly affects ChlF (Cornic, 2000) . Nevertheless, the effect of drought on ChlF depends on a complex interplay of physiological responses to temperature and incoming irradiance. Hence, in spite of all these achievements, more in situ multi-scale field experiments combined with canopy level fluorescence modelling are needed to clarify the true indicative potential of ChlF for remote sensing of plant photosynthesis.
Modelling vegetation fluorescence on a large scale
Physical models of plant fluorescence are able to assist in causal and site non-specific interpretation of the fluorescence signals acquired by remote sensing at the scale of Table 3 . Correspondence between the vegetation blue-green and chlorophyll fluorescence bands that are widely used in plant ecophysiology (Buschmann and Lichtenthaler, 1998; Lichtenthaler et al., 1996) and selected Fraunhofer and oxygen absorption lines with the potential to be used for passive remote-sensing fluorescence measurements (according to whole canopies. The models are required to predict the feasibility of airborne and space fluorescence missions and for diagnosis of required sensor technical specifications. Several radiative transfer models have been designed to simulate leaf optical properties, i.e. leaf reflectance and transmittance between 400-2500 nm. They are based on leaf biochemical and structural input parameters (Jacquemoud et al., 2000) , but most of them cannot interactively reproduce the ChlF signals (Rosema et al., 1991; Olioso et al., 1992; van der Tol et al., 2009 ). Pedró s et al. (2005 implemented the fluorescence quantum efficiency, the relative contribution of photosystems (stoichiometry of the PSII to PSI reaction centres), leaf temperature, and light levels into the PROSPECT model of Jacquemoud and Baret (1990) . This way, they enabled the newly developed FluorMODleaf model to simulate the leaf reflectance and transmittance spectra along with ChlF signals. At the canopy level, fluorescence can be considered as an integral of fluorescence emissions of individual leaves, which are transferred through the canopy. To simulate the fluorescence signal at the top-of-the-canopy level, Verhoef (2004) implemented the FluorMODleaf fluorescence excitation matrix into his Scattering by Arbitrary Inclined Leaves (SAIL) canopy RT model (Verhoef, 1984 (Verhoef, , 1985 . The newly created FluorSAIL model, when coupled with the atmospheric RT model MODTRAN, can provide top-of-theatmosphere radiance data of 1 nm bandwidth between 400-1000 nm, as potentially sensed by a future space fluorescence mission. The integrated FluorMOD software package was equipped with a graphical user interface (Zarco-Tejada et al., 2006) ; it has been made available to the public via the Internet (see http://www.ias.csic.es/ fluormod/). Still, results of several case studies presented at an ESA fluorescence workshop in Florence (Italy) pointed out that FluorMOD performance can strongly benefit from further improvement. The major drawback was identified as an accurate simulation of the fluorescence spectral profile, which is largely affected by photon re-absorption in leaves and the canopy. Hence, Pedró s et al. (2008) attempted to combine the measured and modelled fluorescence emissions with the purpose of obtaining properly shaped leaf chlorophyll SIF signatures, which should, consequently, result in more accurate simulation of the fluorescence signal as being observed by aerial and satellite detectors.
Atmospheric disturbance of remotely sensed fluorescence
Similar to other optical remote-sensing signals, one of the most important negative disturbances of weak fluorescence signals originates in the atmosphere. Inelastic rotational Raman scattering of O 2 and N 2 molecules (Brinkman, 1968) , also called the Ring effect (Grainger and Ring, 1962) , reduces the depth of Fraunhofer and atmospheric absorption lines affecting infilling extent, particularly at oblique observation angles (Burrows et al., 1996; Sioris and Evans, 2000) . Hence, retrieval of SIF in these lines is most effective from nadir images (i.e. downward-facing images viewing Earth surface objects in the direction of the force of gravity), acquired under a clear sky with minimal atmospheric disturbances (Sioris et al., 2003) . Even under the most favourable conditions, reflectance and fluorescence canopy signals are always modulated by multiple scattering and refraction on aerosol particles, curvature of the atmosphere, and the air density varying with atmospheric depth . The atmospheric corrections of standard remotely sensed spectrometric images can be facilitated by physical radiative transfer models parameterized for atmospheric conditions measured during data acquisition (Myneni et al., 1995; Bacour et al., 2006) . Demand for more precise atmospheric corrections increased with the appearance of new imaging spectroradiometers recording signals in many narrow spectral bands (bandwidth of 1-10 nm). Green et al. (1998) demonstrated a procedure of atmospheric calibration and sensitivity analysis for the Airborne Visible Infrared Imaging Spectrometer (AVIRIS). The atmospheric corrections for satellite sensors operating outside the Earth's atmosphere rely largely on the MODTRAN RT model. Guanter et al. (2007) coupled the MODTRAN code with FLD in the O 2 -A absorption line to retrieve ChlF intensity from a satellite MERIS Full Resolution image and airborne CASI-1500 images of agro-ecosystems (Barrax test site, Spain). Although a close linear regression (R 2 ¼0.854) was found between ChlF values resulting from both data sources, it was concluded that further improvement of the atmospheric radiative transfer is needed to make quantitative vegetation fluorescence retrieval from space fully operational (L Guanter, personal communication).
Outlook of an experimental space fluorescence sensor
A scientific team from the Laboratoire de Météorologie Dynamique in Paris developed a passive airborne SIF recording instrument called AIRFLEX that was successfully tested for the first time during the SEN2FLEX campaign and then employed in combination with extensive ground and airborne supportive measurements during the CEFLES2 campaign (U Rascher et al., unpublished results). The sensor outputs proved that vegetation fluorescence could be measured from a flying platform in both oxygen absorption lines. AIRFLEX represents the aerial predecessor of the Fluorescence Explorer (FLEX) satellite, proposed originally to ESA as one of the 7th Earth Explorer candidate missions . The FLEX imaging fluorometer was expected to acquire narrow SIF bands (bandwidth of 0.13 nm) located in individual Fraunhofer and atmospheric absorption lines between 480-760 nm. It was originally proposed to accompany this passive fluorescence system with a multi-angle imaging spectrometer (spectral range of 400-2400 nm) and a thermal infrared imaging system (three thermal bands between 8.8-12.0 lm) as supportive systems facilitating fluorescence signal interpretation. Although the FLEX concept was not approved as a future ESA Earth Explorer mission, its continuation is anticipated as a scientific technological experiment within the ESA Technology Research Programme.
Concluding remarks
The success of any future space fluorometer operating at Earth orbit depends on the existence of reliable, but operational, data-processing algorithms able to map the actual state of vegetation photosynthesis. The plant research community addressed by this review is expected to play an important role in:
(i) extending our understanding of the steady-state solarinduced fluorescence signal under natural conditions, which is required for unambiguous interpretation of remotely sensed data;
(ii) developing physical models able to simulate fluorescence emission signals scaled up from single leaves to heterogeneous canopies; (iii) developing advanced air-and space-borne fluorescence detectors achieving a high signal-to-noise ratio in relevant spectral bands; (iv) and advancing fluorescence image processing algorithms capable of identifying optimal proxies for vegetation parameters of interest.
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